Supernova neutrinos are crucially important to probe the final phases of massive star evolution. As is well known from observations of SN1987A, neutrinos provide information on the physical conditions responsible for neutron star formation and on the supernova explosion mechanism. However, there is still no complete understanding of the long-term evolution of neutrino emission in supernova explosions, although there are a number of modern simulations of neutrino radiation hydrodynamics, which study neutrino emission at times less than one second after the bounce. In the present work we systematically calculate the number of neutrinos that can be observed in Super-Kamiokande over periods longer than ten seconds using the database of Nakazato et al. (2013) anticipating that neutrinos from a Galactic supernova can be detected for several tens of seconds. We find that for a supernova at a distance of 10 kpc, neutrinos remain observable for longer than 30 s for a low-mass neutron star (1.20M ⊙ gravitational mass) and even longer than 100 s for a high-mass neutron star (2.05M ⊙ ). These scenarios are much longer than the observations of SN1987A and longer than the duration of existing numerical simulations. We propose a new analysis method based on the cumulative neutrino event distribution as a function of reverse time from the last observed event, as a useful probe of the neutron star mass. Our result demonstrates the importance of complete modeling of neutrino light curves in order to extract physical quantities essential for understanding supernova explosion mechanisms, such as the mass and radius of the resulting neutron star.
INTRODUCTION
Neutrino bursts from core-collapse supernovae carry precious information about the central objects formed in these explosive phenomena (Kotake et al. 2006; Mirizzi et al. 2016; Horiuchi & Kneller 2018) . In the same way that optical light curves determine the type of the supernovae and allow for the study of the progenitor and nucleosynthesis, neutrino light curves contain important keys to solving open issues concerning the supernova explosion mechanism. Since neutrinos play an essential roles in supernova dynamics through trapping and emission processes in the central core, escaping neutrinos retain the full information on what is happening deep inside (Janka 2017a,b) . These neutrinos are mainly emitted from the surface of the nascent neutron star and can be used to probe the thermal condition of the dense matter involved in the explosion mechanism. Therefore, the detection of supernova neutrinos is a prime target of neutrino astronomy (Koshiba 1992; Scholberg 2012) .
The observation of supernova neutrinos from SN1987A (Hirata et al. 1987; Bionta et al. 1987) established that it is possible to extract supernova physics from the emitted neutrinos. Indeed, timing and energy information from a handful of neutrino events has been used to establish the general core-collapse supernovae scenario (Sato & Suzuki 1987a,b; Burrows & Lattimer 1987; Bludman & Schinder 1988; Janka & Hillebrandt 1989) . The duration of the neutrino burst over ∼10 s indicates the time scale of neutrino diffusion at high densities. The total energy of 3-6×10 52 erg carried by theν e flux, which is roughly 1/6 of the total neutrino flux, suggests the formation of a typical neutron star with gravitational binding energy of 2-3×10 53 erg. In addition, the energy distribution of neutrinos detected in the range of 10-40 MeV demonstrates that a hot compact object evolves with a temperature of 3-5 MeV at the neutrino emitting region. Despite these successes, due to the limited size of the detectors at the time and the distance to SN1987A, the total number of observed events is small and it is therefore not possible to draw a detailed picture of the explosion mechanism.
The next detection of supernova neutrinos will provide an enormous amount of information on the explosion and modern neutrino detectors are preparing to observe the time profile of the burst (the neutrino emission light curve). Super-Kamiokande will record the energies and directions of ∼10 4 neutrino events for a Galactic supernova (Ikeda et al. 2007) . Loading Gd in the detector will further enhance its ability to distinguish different species and improve pointing back to the collapsed star (Beacom & Vagins 2004) . A supernova similar to SN1987A in the Large Magellanic Cloud will produce ∼400 neutrino events in the detector, which is enough observe the time profile of the neutrino burst. Such an observation will allow detailed exploration of the physics behind the supernova explosion.
This exceptional opportunity necessitates systematic preparation of neutrino light curves in advance. That is, in order to extract the details of the supernova mechanism from observational data, systematic coverage of the impact of physical properties on the neutrino spectrum, such as the details of the progenitor and the resulting compact object, is essential. Providing a complete set of event rate predictions for both successful and failed supernova explosions from various progenitors is therefore desirable. It is equally important to provide systematic predictions covering variations in the microphysics to extract information about state of the dense matter at the supernova's core.
Although such a comprehensive study of the neutrino burst has been pursued for decades, the uncertainty surrounding the as-yet unknown explosion mechanism is the main obstacle to precise predictions of the neutrino signal. Furthermore, correlated effects of physical parameters obscure the differences in the signatures of neutrino bursts in some situations. At the time of SN1987A, only a handful of spherically symmetric (1D) supernova simulations were available to infer the progenitor (Sato & Suzuki 1987a ) and a series of proto-neutron star (PNS) models were used to put constraints on the central object (Burrows 1988) . Numerical studies in later years typically covered separate parts of the neutrino burst time profile: the early stage after the core bounce and the cooling of the PNS.
Since shock propagation is the main issue in the supernova mechanism, most numerical studies follow its time evolution up to one second after the core bounce. Accordingly, studies of neutrino emission have mostly been made at times around the bounce and neutronization burst (Myra & Burrows 1990; Thompson et al. 2003) . The dependence of neutrino emission on the progenitor and the equation of state (EOS) has also been studied for short periods after the bounce (Thompson et al. 2003; Sumiyoshi et al. 2005) .
1 Under typical conditions such spherically symmetric studies have failed to produce an explosion and hence attention has been paid to only the early phases of collapse.
With the recent revelation of explosions driven by neutrino heating in two and three dimensions (Kotake et al. 2012; Burrows 2013; Janka et al. 2016) , multi-dimensional features of the neutrino burst have been explored to probe hydrodynamic instabilities such as the standing-accretion-shock instability (SASI), convection, sound wave reflection, and rotation (Marek et al. 2009; Lund et al. 2012; Suwa et al. 2013; Tamborra et al. 2013; Yokozawa et al. 2015; Mirizzi et al. 2016; Kuroda et al. 2017; Takiwaki & Kotake 2018) . Note that most of these state-of-the-art simulations have been done for only limited times due to computational restrictions. As a result, despite the general importance of understanding neutrino emission from nascent compact objects, such studies have been confined to the period earlier than about one second after collapse.
Studies of the long-term neutrino emission from the cooling of the PNS are important because the majority of supernova neutrinos come from this phase (Burrows & Lattimer 1986; Suzuki 1994; Pons et al. 1999) . Although the neutrino luminosity decays rapidly with time, neutrinos produced at times between 1-20 s dominate the expected signal as was demonstrated by observations of SN1987A. Models of neutrino emission from PNS cooling have been used to assess the compact object at the center of the supernova by comparisons to data from SN1987A (Burrows & Lattimer 1987; Burrows 1988) . Extensive studies of neutrino emission have been made to probe the properties of dense matter (Sumiyoshi et al. 1995; Roberts et al. 2012; Camelio et al. 2017; Nakazato et al. 2018) in-cluding hyperons and quarks (Pons et al. 2001b,a) , the influence of neutrino interactions (Suzuki 1993; Martínez-Pinedo et al. 2012; Fischer 2016) , as well as the effects of convection (Roberts 2012) .
2 In these studies the initial conditions have been prepared using other supernova models, thereby separating the PNS cooling from the explosion mechanism.
In order to explore the connection between progenitors and compact objects using the neutrino signal, it is essential to study the long-term neutrino emission starting from the initial stellar model and include the thermal evolution of the PNS born in the resulting explosion. Evolution from the supernova explosion to the formation of a neutron star has been studied in 1D (Totani et al. 1998; Hüdepohl et al. 2010; Fischer et al. 2010) for selected progenitors and to a limited extent in 2D (Suwa 2014) .
3 Neutrino light curves in the 1D models by Totani et al. (1998) and Dalhed et al. (1999) have been routinely used to evaluate the total event number at neutrino detectors (See also Mirizzi et al. 2016 ). Due to limitations in the ability of these predictions and their focus on explosion dynamics, the expected number of neutrino events at underground neutrino detectors such as IceCube (Tamborra et al. 2013) , Super-Kamiokande (Ikeda et al. 2007 ) and Hyper-Kamiokande (Abe et al. 2011 ;
Hyper-Kamiokande Proto-Collaboration et al. 2018) has been estimated only for the dynamical phase using various models and numerical simulations to discuss these detector's ability to probe the physics of the supernova. As a result, the long-term behavior of the neutrino burst from the PNS has not been studied in detail with modern simulations covering a variety of progenitors.
Our first aim in the current study is, therefore, to predict the basic features of the expected number of events at Super-Kamiokande for the full time sequence of supernova models. We utilize neutrino emission properties from a supernova neutrino database (Nakazato et al. 2013) , which covers the complete dynamical evolution of the event from gravitational collapse to the cooling of the PNS. Through comparisons of event numbers for a set of progenitors systematically obtained from neutrino-radiation hydrodynamics (RHD) and PNS cooling simulations, we explore the differences in neutrino signals among models based on different progenitors. We discuss the time profile of the event rate for both early times around the bounce and the later phases of PNSs. We estimate the basic features of the event rate evolution for various models to assess whether one can extract information on the progenitor from future observations of a supernova neutrino burst. This is an important step in discussing the possibility of studying the progenitor's mass, metallicity, and explosion timing, for instance, immediately after detection at Super-Kamiokande.
Our second aim is to demonstrate the importance of the late phase of supernova neutrino emission. We study the long-term evolution of PNSs over 100 s to evaluate the final phases of neutrino detection at SuperKamiokande. In addition, new simulations of PNS cooling adopting different initial conditions have been performed to investigate weakening of the neutrino signal. We determine the timing of the last detected event to assess the time duration of neutrino emission and propose a backward-time analysis, characterized by the cumulative event distribution as integrated backward in time from the last event, in order to disentangle the PNS properties. This approach is advantageous since the late phase cooling through diffusion is expected to be more quasi-static and simple (See Roberts et al. 2012 , for convection) than the early phase, where the hydrodynamic behavior of shock dynamics just after the bounce is highly complicated. Further, this method may provide a basis for exploring dynamical situations, such as SASI and convection, in the early phase by extrapolation from the much simpler late-time neutrino light curves. This paper is arranged as follows. We describe the modeling of supernova neutrino light curves from corecollapse supernovae and PNS cooling in §2. In addition to the supernova neutrino database in §2.1, we explain additional modeling used to extract properties of the PNS with various masses in §2.2. Neutrino detection at Super-Kamiokande is discussed in §3. In §4, we provide basic information concerning the expected event rates for a set of supernovae taken from the neutrino database used in conjunction with additional models. We also discuss the differences and similarities among various models and evaluate the feasibility of distinguishing model parameters with the neutrino light curve. Further we examine the long-term phase of recent PNS cooling models to assess the neutrino emission's dependence on mass. In §5, we study the final phase of neutrino detection at Super-Kamiokande and discuss the timing of the last event as a function of the distance to the supernova in §5.1. This analysis illustrates the importance of studying the long duration of galactic events. In §5.2 we propose a backward-time analysis of the neutrino signal to explore its dependence on the PNS model. We evaluate the cumulative event distribution by integrating the number of observed events backward in time from the last detection. In this way the cumulative event history is used to discriminate different PNS models. Finally, in §6 we describe our data analysis strategy for Galactic supernova bursts before summarizing in §7.
NEUTRINO EMISSION SIMULATIONS
In this paper, we utilize the supernova neutrino emission provided by the database briefed in § 2.1. We also consider the long-term (≥20 s) development of the neutrino emission utilizing numerical data from the thermal evolution of quasi-static PNSs as described in § 2.2.
Supernova neutrino database
In the supernova neutrino database (Nakazato et al. 2013) , neutrino spectra for various scenarios are provided as a function of time up until 20 s after the bounce. For this purpose, numerical simulations of the neutrino-RHD of stellar cores and the thermal evolution of quasi-static PNSs with neutrino emission are combined. In both simulations, the EOS from Shen et al. (1998a,b) is utilized.
4 Progenitor models were made from four progenitor masses (M ZAMS = 13, 20, 30, and 50M ⊙ ) and two metallicities (Z = 0.02 or 0.004) adopted from numerical results from the stellar evolution code (Umeda et al. 2012) . While the 30M ⊙ and Z = 0.004 progenitor is a black-hole-forming model due to its large iron-core mass, the other seven progenitors are models for ordinary core-collapse supernovae. In this paper, we utilize only models with Z = 0.02 (solar metallicity).
In constructing the supernova neutrino database, neutrino emission in the early phase is computed with an implicit Lagrangian code for general relativistic neutrino-RHD, which solves the neutrino Boltzmann equations and the dynamics of spherical gravitational collapse simultaneously (Yamada 1997; Yamada et al. 1999; Sumiyoshi et al. 2005) . This code follows the neutrino distribution functions for four species, ν e ,ν e , ν x (= ν µ , ν τ ), andν x (=ν µ ,ν τ ), over a discrete grid in energy and angle to solve the neutrino Boltzmann equations. The difference between ν x andν x is minor and accordingly they are treated collectively and denoted as ν x in the supernova neutrino database. The following neutrino reactions are considered: (1) electron-type neutrino absorption on neutrons and its inverse, (2) electron-type anti-neutrino absorption on protons and its inverse, (3) neutrino scattering on nucleons, (4) neutrino scattering on electrons, (5) electron-type neutrino absorption on nuclei, (6) neutrino coherent scattering on nuclei, (7) electron-positron pair annihilation and creation, (8) plasmon decay and creation, and (9) neutrino bremsstrahlung. Further details are presented in Sumiyoshi et al. (2005) .
In contrast to the early phase described above, neutrino emission during the late phase is computed using the general relativistic quasi-static evolutionary code of neutrino diffusion (Suzuki 1993 (Suzuki , 1994 (Suzuki , 2005 . In order to follow the quasi-static evolution of PNSs, this code solves the hydrostatic structure of the PNS using the Oppenheimer-Volkoff equation at each time step taking into account deleptonization and entropy evolution from neutrino transfer with a Henyey-type method. The neutrino transfer utilizes a multi-group flux-limited diffusion scheme assuming spherical symmetry in general relativity and adopts the flux limiter in Mayle et al. (1987) . In this method, the Boltzmann equations in their angleintegrated form are treated taking into account the energy dependence of ν e ,ν e , and ν x , whereas ν µ , ν τ ,ν µ , andν τ are treated collectively as ν x . The same neutrino reactions as in the general relativistic neutrino-RHD code above are included in the general relativistic quasi-static evolutionary code.
In addition to the computations described above, neutrino emission in the intermediate regime is evaluated by interpolating between the two phases. Since the neutrino-RHD simulations for the early phase are performed under the assumption of spherical symmetry, the accretion rate, which is converted to neutrino luminosity, will be overestimated. Mass accretion will be reduced due to multi-dimensional effects, such as convection and SASI. On the other hand, the neutrino emission due to the matter fallback is not included in the PNS cooling simulations for the late phase. Therefore, the neutrino emissions obtained by the two simulations can be regarded as upper and lower limits. While the neutrino-RHD simulations account for the neutrino emission before shock revival, the neutrino light curves from the PNS cooling simulations are reasonable for times after the shock revival. On the basis of these considerations, the neutrino light curves of the early and late phases are interpolated by an exponential function assuming shock revival at either t revive = 100, 200, or 300 ms after bounce. In Fig. 1 , a typical neutrino light curve obtained by this procedure is displayed. In order to investigate the long-term (over 100 s) behavior of PNS cooling, we utilize the numerical code in Nakazato et al. (2018) . This part of the neutrino data corresponds to the late phase of Nakazato et al. (2013) . In this model, the result of the general relativistic neutrino-RHD simulation obtained with the numerical code described in § 2.1 is used as an initial condition. With the EOS from Shen et al. (2011) , core-collapse of the progenitor with 15M ⊙ from Woosley & Weaver (1995) is followed until t = 0.3 s, as measured from the bounce. Then, the entropy and electron fraction profiles for the central region inside the shock wave are adopted as initial conditions for the PNS cooling simulation. Since the shock wave is stalled at the baryon mass coordinate of m b = 1.47M ⊙ at t = 0.3 s, we consider a PNS with M b = 1.47M ⊙ , corresponding to a gravitational mass of 1.35M ⊙ , in the following. This model is denoted as 147S hereafter and it is also described in Nakazato et al. (2018) .
Proto-neutron star cooling
In addition to the models above, we also consider PNS models with baryon masses of M b = 1.29M ⊙ and 2.35M ⊙ , which correspond to gravitational masses of 1.20M ⊙ and 2.05M ⊙ , respectively. Note that the chosen mass range is based on recent observations of high-mass and low-mass pulsars in binary systems. The highest mass is ≈ 2.0M ⊙ (Demorest et al. 2010; Antoniadis et al. 2013) 5 and the lowest mass is ≈ 1.2M ⊙
5
Recently, amassive NS with 2.17 Thankful Cromartie et al. 2019 ) has been discovered. (Martinez et al. 2015) .
6
To construct these models, we perform new simulations in the same way as in Nakazato et al. (2018) adopting the initial entropy and electron fraction profiles given by
where s(m b ) and Y e (m b ) are the entropy per baryon and the electron fraction, respectively, at the baryon mass coordinate m b . In this study, we consider two cases for the entropy; (s 1 , s 2 ) = (1k B , 4k B ) and (2k B , 6k B ) are chosen as low-entropy and high-entropy cases, respectively. Here k B is the Boltzmann constant. In Fig. 2 , the profiles of Eq. (1) are shown with the initial condition of PNS cooling in Nakazato et al. (2018) . For model names, we use MXY, in which X=1 and 2 denote M b = 1.29M ⊙ and M b = 2.35M ⊙ , and Y=L,H denotes low-and high-entropy cases, respectively. Figure 3 shows theν e luminosity and average energy evolution for the models described above. The average energy is calculated using the energy and number fluxes.
6 Theoretical estimations of the minimum mass of a neutron star are consistent with observations (Suwa et al. 2018 ). In both panels, thick solid lines are for the model in Nakazato et al. (2018) with the EOS from Shen et al. (2011) .
In the upper panel, thin dotted and thick dashed lines correspond to models with (s1, s2) = (2kB, 6kB) (H) and (1kB, 4kB) (L), respectively. In the lower panel, the red dot-dashed and the blue dot-dot-dashed lines correspond to models with
Models with a PNS of M b = 2.35M ⊙ (blue lines) show longer neutrino emission than those with less massive,
PNS (red lines)
. Though the models with a higher initial entropy (indicated by thin dotted lines) imply longer emission, the impact is minor compared to the mass dependence. This indicates that the neutrino emission timescale contains information on the PNS, especially its mass.
DETECTION AT SUPER-KAMIOKANDE
The Super-Kamiokande detector, which is located 1,000 m underground (2,700 m water equivalent) in the Kamioka mine in Gifu Prefucture, Japan, is a cylindrical tank (39.3 m in diameter and 41.4 m in height) filled with 50 kilotons of ultra-pure water (Fukuda et al. 2003) . The experiment started in 1996, and was shutdown for the latter half of 2018 for refurbishment ahead of a planned upgrade, known as SK-Gd, to load gadolinium in the detector's water. However, in this paper only simulations with pure water are performed. The detector is divided into two regions called the inner and outer detectors, to distinguish real neutrino interactions from cosmic ray muon backgrounds. The inner detector is lined with 11,129 20-inch photo multiplier tubes (PMT) and the outer detector uses 1,885 8-inch PMTs Cherenkov light generated by charged particles emerging from neutrino interactions in water is observed by the PMTs and used to reconstruct the neutrino sig- nal. The fiducial volume used in typical data analyses is 22.5 kilotons, defined as the volume more than 2 m from the inner wall of the inner detector, in order to ensure stable reconstruction performance and to reduce backgrounds from radioisotopes (RI). However, for burst events like a supernova explosion, this kind of transient background will be negligible and therefore, the entire 32.5 kton volue of the inner detector is used in this paper. The energy threshold for solar neutrino analysis in Super-Kamiokande is 4.0 MeV (total electron energy), while 5 MeV is used in this paper to avoid RI background contamination completely.
There are several neutrino interactions in the relevant energy region of supernova neutrinos, a few to a few tens of MeV. Inverse beta decay with free protons, elastic scattering on electrons, and nuclear interactions with Oxygen are typical examples. The dominant signal is from inverse beta decay (IBD,ν e + p → e + + n) interactions, whose cross section has been calculated in Vogel & Beacom (1999) . Since the IBD cross section is about 10 times larger than other interactions, it is the only interaction channel considered in this paper.
The next-generation water Cherenkov detector, Hyper-Kamiokande, has been proposed in (Hyper-Kamiokande Proto 2018). Its detection principle is the same as SuperKamiokande's, but with a total inner detector volume of 220 kilotons. Accordingly, we include sensitivity estimations for it in this paper as well.
EXPECTED EVENT RATES

Results for the neutrino database
We describe the features of the expected number of events for the series of models from the supernova neutrino database (see Table 1 ). We select a set of models with a single metallicity(Z = 0.02) and focus on four progenitor models (13, 20, 30, 50M ⊙ ) with freedom to choose the shock revival time. This set covers a variety of density profiles of progenitor models and a range of PNS remnant masses. The density profile affects the luminosity through matter accretion right after the core bounce (early phase). The remnant mass is determined by the progenitor model and shock revival time and affects the long-term behavior of the luminosity (late phase) via the total binding energy (Nakazato et al. 2013) . In this section, the distance to supernova is set to 10 kpc, except for Fig. 8 . Neutrino oscillations are not included, since they are not expected to significantly change the long-term evolution of neutrino light curves (see Sec. 5.2). Detailed studies on the early-phase with the neutrino oscillation will be reported in a separate study.
We show in Fig. 4 the expected number of IBD events (i.e.ν e interactions) as a function of time after the bounce. In the early phase, up to 300 ms after the core bounce, the neutrino signal carries information on the core bounce and accretion onto it. The rise ofν e interactions reflects components arising from thermal pair production and positron capture on protons in the accreting matter. We choose t revive = 300 ms in this plot to examine the difference of accretion luminosities among the progenitors. The number of events rises quickly for 30M ⊙ and 50M ⊙ models as compared with those for 13M ⊙ and 20M ⊙ , reflecting different rates of accretion. As discussed in the literature (Thompson et al. 2003; O'Connor & Ott 2013; Nakamura et al. 2015; Suwa et al. 2016) , the early phase event rate rise may probe the progenitor properties through the accretion luminosity, L acc = GMṀ /R.
The time when the event rate drops depends on the shock revival time, which is shown in Fig. 5 . If the shock wave stalls around t revive = 300 ms, the event rates stay at a certain level due to continued accretion. In the case of t revive = 100 ms or 200 ms, the event rates rapidly decrease because accretion ends as the shock is revived in our model. The drop in the event rate is seen to correspond with the transition from the accretion phase to the diffusion phase.
We expect to detect such a luminosity transition (event rate transition) by observing the change in the neutrino light curve when the shock revives and accre- tion halts. Although the current database is based on 1D core-collapse dynamics and PNS cooling models, we envisage this transition exists even under more complicated situations as seen in modern 2D/3D simulations. We remark that one expects more variations in the event numbers in 2D and 3D simulations through hydrodynamic instabilities and non-uniform accretion with a deformed shock geometry (e.g., Tamborra et al. 2013; Takiwaki & Kotake 2018) . Our analysis here can be considered as a basis for studying such hydrodynamic complications by comparison of spherically symmetric and multi-dimensional simulations. Note-MZAMS is the zero-age main sequence mass of the progenitor model. trevive is the shock revival time. MNS,g is the gravitational mass of PNS. These three numbers are taken from Nakazato et al. (2013) . Ntot is the total number of neutrinos.
N (tmin ≤ t ≤ tmax) gives the number of events between tmin and tmax, which are in seconds. Numbers in brackets are percentage of the total number. For models of the form N13t100 and similar, there is only data for t < 20s so no event rate is estimated at later times. Conversely, for models like M2H and similar, there are only calculations for the PNS cooling phase, so event rates before 0.3 s are not given.
In the late phase (up to 20 s) of the evolution, the neutrino signal reflects the properties of the cooling PNS. A gradual decrease in the neutrino luminosity originates from the diffusion of neutrinos from the central part of the supernova. The luminosity depends mainly on the mass of PNS born in the collapse of the progenitor. In Fig. 6 , the time profile of the expected number of events is shown for the progenitor models of 13-50M ⊙ with t revive = 300 ms. The shape of the time profiles are similar among the four models, though their amplitudes depend on the PNS mass. The number of events is largest for the 30M ⊙ model, which has a remnant neutron star with a gravitational mass of 1.78M ⊙ , and is smallest for the 20M ⊙ model with a 1.45M ⊙ PNS.
The number of events also depends on the shock revival time, which determines the remnant mass by stopping accretion even within the same progenitor model. In Fig. 7 , we show how the expected number of events depends on the shock revival time for the 50M ⊙ model with three different PNS masses, (1.52M ⊙ , 1.63M ⊙ and 1.69M ⊙ , for t revive =100, 200, 300 ms, respectively. The largest PNS mass leads to the largest number of events because it represents largest release of gravitational energy. Therefore, the late phase of the neutrino light Figure 6 . Expected number of IBD events as a function of time after bounce in the late phase for a supernova at 10 kpc in the 13, 20, 30, 50M⊙ models shown by the red, blue, green, and purple lines, respectively (Z = 0.02, trevive = 300 ms).
curve of neutrinos is important to extract the properties of the compact object left after a supernova explosion. Note that the properties of the remnant are in principle determined by the details of the explosion mechanism via the collapse and bounce of the progenitor. In this sense, the shock revival time is a simplified method for constructing a set of PNSs in 1D explosion models for study. In order to extract the properties of the remnant from an observation, one needs to carefully explore the impact of the remnant's parameters on the neutrino time profile. To study such variations in the profile, we explore the longer-time behavior in later sections.
In Fig. 8 , we show the total expected number of IBD events in Super-K as a function of the distance to the supernova neutrino burst. The total number is obtained by the time integral of the event rates up to 20 s, the end time of the database. Each line corresponds to the total for one of the models in the supernova neutrino database. Typically ∼ 4×10 3 events are expected for an event at a distance of 10 kpc. However, the total ranges by a factor of 5 depending on the remnant mass of the progenitor. Among the models, the highest event rate is seen for the 30M ⊙ model with t revive = 300 ms and the smallest is from the 20M ⊙ model with t revive = 100 ms. The corresponding PNS masses range from 1.36M ⊙ to 1.78M ⊙ in the database.
Results for new PNS cooling models
We further investigate the event rates of neutrino bursts using the PNS models in §2.2 to study the details of late phase detection. In order to discuss the duration of the neutrino burst and to extract the properties of the remnant using the backward-time method ( §5.2) we would like to determine the timing of the last detected event( §5) . From the studies above using the neutrino database, the event rate is about 0.1 event/10 ms at 20 s in Figs. 6 and 7. Hence, neutrino detection is expected to continue for even later times for a 10 kpc event and we need to explore time profiles over 50-100 sec. Figure 8 . Total expected number of IBD events as a function of the distance to the burst source for the models in the supernova neutrino database (gray lines). Colored lines correspond to the model calculations described in §2.2. Note that they do not include the early phase neutrinos, only late phase, so these models show systematically smaller event numbers than those in Nakazato et al. (2013) (represented by the gray band).
We show in Fig. 9 the expected number of IBD events for the five PNS cooling models examined in §2.2. Event detection continues over 100 s for the case of PNSs with masses of 2.05M ⊙ . The high-entropy model provides large event rates and persists up to 140 s as compared to the low-entropy model, due to their different thermal energies. The event rate drops faster in the case of the low mass (1.20M ⊙ ) model and in the fiducial model (1.35M ⊙ ), becoming undetectable at around 50 sec. The entropy profile of the low-entropy model is similar to the one in the fiducial model, therefore, the difference of the low-entropy and low-mass model from the fiducial model roughly reflects the difference of their PNS masses.
Lastly, we discuss the evolution of event energies. Figure 10 shows the average energy of recoil positrons from IBD interactions of the neutrinos from models 147S, M1L, M1H, M2L, and M2H including the effect of the detector energy threshold. The positron energy is slightly higher than the average energy of the neutrinos shown in Fig. 3 . For instance, the final energy of positrons for model 147S is 7.2 MeV, while that of the neutrinos is 3.7 MeV. This is because the positron's average energy is given bȳ
where E th is the threshold energy of positron detection at SK, ǫ ν is the energy of a neutrino that produces a positron, ∆ = 1.29 MeV is the mass energy difference between neutrons and protons, and f ν (ǫ ν ) is the neu- trino phase space occupation function. Here, we assume the cross section of IBD is σ(ǫ ν ) ∝ ǫ 2 ν , which gives the power of ǫ ν − ∆, and assume that the neutrino phase space occupation function is a Fermi-Dirac function without chemical potential, f ν (ǫ ν ) = 1/ 1 + e ǫν /kB Tν with the temperature T ν . In Tab. 2 we show the average energy of positrons with different neutrino temperatures and threshold energies. Thus, with a neutrino temperature k B T =Ē ν /3.15 = 1.2 MeV and E th =5 MeV, our average neutrino energy from the PNS cooling simulation and positron average energy are consistent. By simply assuming E th = ∆ = 0, we get E e + = 5.07k B T ν = 1.61Ē ν , which is applicable for the early phase of neutrino emission from a hot PNS. Here, we investigate the observable timescale of neutrinos from Galactic supernovae at 10 kpc. Figure 11 shows the reverse cumulative event number distributions of the models in §2.2 (blue lines) and Nakazato et al. (2013) (gray lines) . Here the reverse cumulative event number is given by,
whereṄ is the event rate per unit time. Since data from Nakazato et al. (2013) are only available up to 20 s, we use the event rate from model 147S at t = 20 s in the gray lines. In the following we take the time when this cumulative event number is unity as the last observable time since the typical background rate of detectors is small compared to the expected supernova rate 7 im-plying that the current discussion is not influenced by systematic errors on the background. For the canonical model (147S), the observable time is 45.3 s. As it depends on the PNS mass, even for the smallest PNS mass observed so far(≈ 1.17M ⊙ , see Martinez et al. 2015) neutrinos can be observed for more than 30 s. More precisely, the observation time ranges from 33.2-40.1 s depending on the initial entropy. For the most massive PNS presently known (≈ 2.0M ⊙ , see Antoniadis et al. 2013 ) the range is 107-129 s. Fig . 12 gives the relationship between the observable timescale of neutrinos and the distance to the supernova. It is apparent that we can observe neutrinos for longer times for nearby supernovae. Colors show the dependence on the detector size, where red shows the full volume of SK's inner detector (32.48 kton), blue shows that for Kamiokande-II (2.14 kton), and green is for Hyper-Kamiokande (220 kton). Bands show the range for each detector assuming different models, where the lowest rate model has M NS,g = 1.20M ⊙ and low initial entropy (M1L), while the highest has 2.05M ⊙ and high initial entropy (M2H) (see §2.2). The black point gives values for SN1987A, whose distance is 51.2±3.1 kpc (Panagia et al. 1991 ) and the observed duration was ∼ 12.4 s (Hirata et al. 1987) . This is consistent with the canonical model for Kamiokande-II, shown by the central dotted line in the blue region. Note that the total event number is also consistent with the observation at 11 or 12 events. Note also that the current estimation is given assuming a kinetic energy threshold of 5 MeV, but the Kamiokande-II observation in Hirata et al. (1987) used 7 MeV. Repeating the same calculation with their threshold, we find no significant difference from that with 5 MeV. 
Backward time analysis
We propose a backward time analysis to explore the difference in models. It is to be noted that the late time properties of the neutrino spectrum depend on a small number of parameters, which are completely different from those of the early epoch. Whereas the late time evolution depends on the PNS mass, radius, and temperature, physics processes such as convection, SASI, mass accretion onto the PNS, and the onset of the explosion are necessary for modeling the neutrino light curve at early times. Figure 13 presents the cumulative event number as a function of time as measured backward in time from the last observed event (the time when N (> t) = 1 as described above). The shaded region shows the Poisson statistical uncertainty. It is clear that model groups with different PNS masses are well separated in this metric (the M1L and M1H models have M NS,g = 1.20M ⊙ , while the M2L and M2H models have M NS,g = 2.06M ⊙ ). This indicates that we can, in principle, infer the mass of the PNS formed by a supernova using the neutrino event count alone. Of course, the nuclear EOS is also an important ingredient characterizing the neutrino light curves and its impact will be discussed elsewhere (see Nakazato & Suzuki, in prep, for instance). To investigate the impact of neutrino oscillations, we performed the same calculations exchangingν e and ν X completely. Though is certainly an extreme scenario, reality should fall within the original calculation and this case. Figure 14 is the same as Fig.13 but compares the calculations with (dashed lines) and without (solid lines) neutrino oscillations. The luminosity and spectra ofν e and ν X are similar at late times, so that the reverse cumulative event numbers for t back 20 s are roughly independent of these oscillations.
DATA ANALYSIS STRATEGY
In this section we summarize our strategy for analyzing data from the next Galactic SN neutrino burst. Upon arrival of the burst the SuperNova Early Warning System (SNEWS) 8 is expected to produce an alert, providing detection data including the time, electron or positron energy, and possible direction of each observed neutrino event like Table 1 of Hirata et al. (1987) . Based on this information we will analyze the data to extract the astrophysical details of the remnant in the following manner.
First, we make a gross evaluation from the total number of events during the burst. From Fig. 8 , the total number of IBD events provides a rough estimate of the distance to the SN up to a factor of three for the current range of our models. The average energy of the charged particles can be used to extract the average energy of neutrinos and subsequently the temperature of neutrino-emitting object. Further, the total energy radiated in neutrinos (assumingν e ) can be used to infer the binding energy of the compact object. These values can be obtained in the same way as has been done for SN1987A. The total energy depends on the distance, which can be obtained by information from optical or measurements in other wavelengths. 9 In the following analysis, we assume the distance is known to be 10 kpc.
Next, we would like to utilize the time profile of the burst. Using the time sequence of the charged particle energies as time bins, we can extract the evolution of the neutrino event rate and average energy. The latter then provides the evolution of the neutrino temperature. Comparing the time profiles of these quantities with a set profiles calculated using models from the database can thus be used to infer the properties of the PNS as discussed in §4. However, it may be practically difficult to narrow down to an individual model due to the lack of information on the bounce time and complications arising from the impact of multi-dimensional hydrodynamic effects on the neutrino signal, which are closely related to the explosion mechanism.
Therefore we take the backward time analysis discussed in §5.2 in order to extract the astrophysical information and avoid this uncertainty. Producing a cumulative event rate backward in time from the last observed event and comparing with model expectations as in Fig.  13 allows for the extraction of information on the compact object formed in the supernova explosion. Further, since the late phase of the neutrino burst is driven solely by emission from the cooling PNS and since the neutrino spectra among the different species are similar, we are free from oscillation effects. Utilizing data from the late phase is simpler than the early phase and will help in the construction of a baseline for extracting information on the hydrodynamic instabilities such as SASI and convection.
In order to complete the analysis with this strategy, we plan to provide a database using a fine grid of PNS gravitational masses and further investigate the dependence of the backward-in-time cumulative event distribution on the equation of state. If we can successfully extract parameters of the compact object from the late phase neutrino signal, we may be able to further infer details of the explosion mechanism and characteristics of the progenitor using neutrinos in the early phase. Such additional studies will be reported elsewhere.
7. SUMMARY Supernova neutrinos are essential to probe the final phase of massive star evolution. In particular, properties of the neutron star formed just after an explosion can be extracted from neutrino observations. To perform such an analysis for a Galactic event, we need a comprehensive methodology to covering the entire timescale of neutrino emission. Although there are a number of modern simulations of neutrino-radiation hydrodynamics which focus on the early phase (less than 1 s after the bounce) emission, the late phase (more than 1 s after the bounce) has not yet been systematically studied.
In this study, we investigated neutrino properties observable by Super-Kamiokande up until 20 s after the bounce using the database of Nakazato et al. (2013) . We also added five additional models by performing new PNS cooling calculations and studied the duration of observable neutrinos. We found that we will be able to observe neutrinos for more than 30 s even for a low-mass neutron star (gravitational mass of 1.20M ⊙ ) and for more than 100 s for a high-mass neutron star (2.05M ⊙ ), assuming a supernova at 10 kpc.
In addition, we showed that the neutron star mass can be measured with the cumulative neutrino event distribution calculated as a function of time measured backwards from the last event. The neutrino oscillation effect was also investigated and found to have no influence on this metric since at late times the neutrino luminosities and spectra are almost flavor independent.
There are a few caveats. In this study, we employed only one nuclear EOS. As is well known, the details of the EOS are still under debate and can change the relationship between the neutron star mass and radius, changing the average and total neutrino energies. We leave the EOS dependence for a future study, in which methods of resolving the degeneracy between the mass and radius from the neutrino signal will be discussed. Systematic errors from detailed neutrino interaction modeling and from the neutrino radiation transfer method during the final phase of PNS cooling will also be addressed in the next study.
